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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


RESEARCH MEMORANDUM 


PERFORMANCE CHARACTERISTICS OF A DOUBLE- 
CYLINDRICAL-SHROUD EJECTOR NOZZLE 
By Eli Reshotko 


SUMMARY 

The performance characteristics of a douhle-shroud ejector were 
investigated for the purpose of evaluating its effectiveness as an 
exit nozzle. Calculations based on ejector performance data, taken 
with the ejector discharging into quiescent air, indicate that thrust 
performance on the order of ideal nozzle thrust may be obtained over 
a Mach number range of 0.8 to 2.3 from a double-shroud ejector. Maxi- 
mum thrust is obtained with maximum pressure recovery of the secondary- 
and tertiary-air inlets. Short secondary shrouds, high secondary weight 
flows, and low (not necessarily zero) tertiary weight flows are 
desirable. 

The results of a simplified theoretical analysis are in fair agree- 
ment with those experimentally obtained. 


INTRODUCTION 

Numerous investigations have recently been made of the performance 
characteristics of ejectors. The ejector appears attractive for tail- 
pipe and other coo ling , since it can perform its cooling function and 
still give greater thrust than an uncooled convergent nozzle over a 
wide range of Mach number. In a single-shroud ejector, the secondary 
flow may be used for afterburner cooling) in the douhle-shroud ejector, 
the secondary flow may be used for afterburner cooling and the tertiary 
flow for structural cooling. 

The pumping characteristics and gross thrust performance of single- 
shroud ejectors with both cy li ndrical and conical shrouds are given In 
references 1 to 4. References 5 and 6 are concerned with double- shroud 
ejector performance, but principally for the special case of secondary 
total pressure equal to tertiary total pressure. 
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In considering the eject of’ as an exhaust nozzle, it Is reasoned 
that the secondary flow cushions the expansion of the primary stream 
in such a way that the primary flow approximates an isentropic expan- 
sion . If the ejector is to be considered as a variable nozzle, then 
it must operate close to design conditions and without overexpansion 
over a wide range of pressure ratio. Isentropic expansion can be more 
closely approximated by a double-shroud ejector than by a single- shroud 
ejector of the same over-all diameter ratio, provided that the secondary 
and tertiary flows enter the ejector at their proper respective pressure 
levels, which are generally not the same. 

The purpose of this investigation was, therefore, to determine the 
effect of varying shroud lengths and weight flows on the performance 
characteristics of a double -cylindrical-shroud ejector. The investi- 
gation was restricted to a single pair of shroud diameters; the ejector, 
in the experimental portion of the investigation, discharged into qui- 
escent air. An extension to the ejector theory of reference 1 is pre- 
sented in order to predict the performance of a double-shroud ejector. 
Comparison is made with the experimentally obtained performance in 
order to show the capabilities and limitations of the theory. This 
investigation was conducted at the RACA Lewis laboratory. 


APPARATUS AMD PROCEDURE 

A sectional drawing of the ejector used in this investigation is 
shown in figure 1. The tertiary- shroud diameter was chosen as that 
giving the area ratio corresponding to a pressure ratio of 10 for 
Isentropic expansion of the primary flow. The secondary-shroud diame- 
ter was chosen as that giving the largest Mach number at the tertiary 
exit with the assumption of no secondary or tertiary flow. The 
secondary- and tertiary- shroud diameter ratios are 1.171 and 1.396, 
respectively. The method used in these calculations is based on the 
development in appendix B, part I. The secondary and tertiary flows 
each entered the ejector through a separate set of eight equally spaced 
tubes, as indicated in figure 1. Preliminary total-pressure surveys 
were taken around the secondary and tertiary annuli with zero primary 
flow. The permanent secondary and tertiary total-pressure tubes were 
placed at angular locations, which gave average readings in the pre- 
liminary surveys. Secondary- shroud length was varied from 0.11 to 0.51 
primary-nozzle diameter by translation of the primary nozzle with a fixed 
secondary shroud. Tertiary- shroud length could be varied about 0.35 
primary-nozzle diameter by translation of the secondary shroud. Two addi- 
tional tertiary- shroud pieces were provided to allow variation of the 
tertiary- shroud-length increment L ^ over a range Including 0.16 to 

0.86 primary-nozzle diameter. 
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The ejector was mounted in a duct station as shown in figure 2. 
Heated dry air was available through the top header. The operating 
total temperature varied between 180° and 220° F, and the dewpoint 
between 0° and -15° F. The combination of dewpoint and total tem- 
perature was at all times checked to satisfy the criteria for con- 
densationless flow of reference 7. Vary ing nozzle pressure ratios 
were provided by controlling the pressure in the exhauster line. The 
inlet total pressure was relatively constant at approximately atmos- 
pheric pressure. For each setting of exhaust-line pressure and sec- 
ondary and tertiary weight flows, readings were taken of the secondary 
and tertiary total pressures. These pressures were read on a mercury 
manometer board to 0.05 inch. It is estimated that these pressures 
are correct to ±3 percent. The wall pressure taps indicated in fig- 
ure 1 were recorded for -only a few runs. Both secondary and tertiary 
weight flows were originally measured with rotameters ; ^however, ah 
orifice meter was later required for the higher secondary weight flows. 
The arrangement of these flow meters is indicated in figure 2. 


The combinations of secondary- and tertiary- shroud lengths tested 
in this investigation are listed in table I. For each shroud length 
with secondary- shroud-length ratio L s /Bp > 0.21, data were obtained 

for the 16 weight-flow combinations that arise from varying both sec- 


ondary and tertiary weight -flow parameters 



and 



(hereafter symbolized as (oj<\/t) b and (cD^/FJ-fc, respectively) through 
the values 0, 0.015, 0.030, and 0.045. For the shroud-length combi - 
nations with L B /Dp = 0.11, only the data for (co g = 0 could be 

obtained, as the short secondary shroud caused complete blockage of 
the secondary -flow feeder tubes. For the combinations Lg/Dp = 0.21, 

L t /Bp = 0.54, and Lg/Dp = 0.21, L^/Dp = 0.90, additional data were 
taken for (cd^/F) 6 = 0.06, 0.09, 0.11, and the aforementioned values 
for the tertiary flow} for the combination Lg/Dp = 0.41, L^/Dp = 0.74 


additional data were taken for (c = 0.06, 0.09 , 0.12, and the 


y 


aforementioned values for the tertiary flow. 


All symbols are defined in appendix A. 


RESULTS AND DISCUSSION 

The ejector performance data obtained in this investigation are 
presented in figure 3, which includes data over the complete range of 
tertiary- shroud -length increment for a single secondary-shroud length 
and over the couple te range of secondary- shroud length for a single 
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tertiary- shroud-length increment. Also presented are the data for the 
combination of the shortest secondary- shroud length and shortest 
tertiary- shroud-length increment (fig. 3(a)). The nozzle pressure 
ratio indicated (less than unity) is the reciprocal of the conventional 
nozzle pressure ratio. ■ 

Examination of the curves indicates that. for moderate or long 
shrouds at low nozzle pressure ratios , the minimum secondary and ter- 
tiary pressure ratios are constant independent of primary pressure 
ratio. At a certain pressure ratio, the flow breaks away from the 
shroud (fig. 3(c), e.g. )j and, at higher nozzle pressure ratios, the 
secondary pressure ratio becomes directly dependent on the primary. 

The secondary performance is similar to the single-shroud ejector 
performance of reference 1. The tertiary pressure ratio for high 
nozzle pressure ratios is approximately equal to the nozzle pressure 
ratio. It is to be noted from examination of figures 3(c), (d), (h), 
(i), and (j) that the secondary pressure ratios are almost completely 
independent of tertiary weight flow and shroud length. This fact is 
discussed further when the assumptions made in the double -shroud ejec- 
tor theory of appendix B are cohsidered. 

The variation of minimum secondary pressure ratio with tertiary- 
shroud-length increment is plotted in figure 4. Except at short sec- 
ondary shroud lengths and high secondary weight flows, the minimum 
secondary pressure ratio is relatively independent of the tertiary - 
shroud-length increment and the tertiary weight flow. For high sec- 
ondary weight flows there is a slight variation with tertiary-shroud- 
length increment, while for short secondary-shroud lengths there is 
some variation with tertiary weight-flow parameter. 


Comparison of Experimental Data with Theoretical Analysis 

An approximate theory for the prediction of ejector performance 
is presented in appendix B. The assumptions in this theory are as 
follows: (l) The shroud lengths are sufficiently short that no mix- 

ing takes place between adjacent streams. (2) The primary expansion 
is isentropic in the cases involving secondary flow. (Where no sec- 
ondary flow is involved, a free-Jet expansion is obtained as the simul- 
taneous solution of the continuity and momentum equations.) (3) The 
secondary flow and tertiary flow expand to sonic condition at the 
extremities of their respective shrouds. (4) In the case of tertiary 
flow, the secondary expands isentrqpically within the tertiary shroud. 

. In figure 5, the data of figure 4 are replotted against secondary- 
shroud-length ratio for comparison with the values predicted by the 
theory of appendix B, part II. The values obtained experimentally 
are generally below the theoretical prediction} again, it is seen that 
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for the short secondary-shroud lengths, there is a slight variation with 
tertiary weight-flow parameter. For short secondary- shroud lengths and 
high secondary weight flows, values of minimum secondary pressure ratio 
are obtained that are significantly above the theoretical prediction. 

The reason for this is not known. It is also seen in the case of 
(cd^/ r) = 0 that the theory indicates a shorter critical secondary- 

shroud length than was obtained experimentally. This shorter length 
is perhaps due to the inability of the Prandtl-Meyer expansion to 
describe adequately a three-dimensional effect. 

Figure 6 is presented in order to help evaluate the effect of the 
secondary expansion on the tertiary expansion. There is fair agreement 
(±0.015) between the theoretical prediction and the average experi- 
mental value of minimum tertiary pressure ratio for given secondary and 
tertiary weight flows. It is observed that, for L s /!Dp > 0.2, minimum 

tertiary pressure ratio decreases with increasing secondary-shroud 
length. This variation Is not obtained theoretically. The variation 
of minimum tertiary pressure ratio with tertiary-shroud length Is 
slight. 

Therefore, in the absence of experimental information, application 
of the presented approximate theory to calculate pressures for given 
weight flows will give some indication of the obtainable performance. 
However, the inverse calculation of weight flows for given pressures 
may be greatly in error. 


Ejector Thrust Performance 


The thrust characteristics of the double-shroud ejector are cal- 
culated on an incremental thrust basis. The incremental thrust ratio 

- O?n > 0 

Is defined as — ^ — < , where the F n quantities are net internal 




C,1 


thrusts. The comparison indicated by the incremental thrust ratio is 
for equal throat areas (equal primary weight flow)} thus, the incre- 
mental thrust ratios are an’ indication of the thrust augmentation due 
to the secondary and tertiary shrouds. The expressions for incremental 
thrust ratio are derived in appendix C. Momentum losses due to friction 
are entirely neglected. Since net thrusts are involved, seme assumption 
must be made regarding the flight plan for the configuration of which 
the ejector is a part. These flight plan assumptions are given in 
appendix D and in figure 7. It was also assumed that the secondary 
air provided all the afterburner cooling, while the tertiary air was 
assumed unheated. The temperature rise of the secondary air was 
estimated from information in reference 8. 
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Incremental thrust ratio as a r function of secondary weight-flow 
parameter is plotted in figure 8 for the most, promising shroud- length 
combinations at six values of flight Mach number. The most promising 
shroud-length combination for a given Mach number is that 'which had 
the largest secondary and tertiary pressure ratios at the nozzle pres- 
sure ratio corresponding to the Mach number. The most promising 
shroud- length combinations have short secondary shrouds. The incre- 
mental thrusts for these shroud-length combinations increase continu- 
ously with increasing secondary weight flow. For Mq ^ 1.1, the 
shroud- length combination L s /Dp = 0. 21, L^/Dp = 0.54 with zero ter- 
tiary weight flow gives the highest incremental thrust ratios of the 
secondary weight- flow range. For Mq > 1.4, the shroud-length combi- 
nation L 6 /Dp = 0.21, L^/Dp = 0,90 with = 0.015 generally 

gives the largest incremental thrusts. Two limiting lines are indi- 
cated in each part of figure 8, the maximum values of the secondary 
weight flow that can be taken in (l) through an auxiliary free-streem 
normal-shock inlet and (2) through a b oundary- layer scoop, as deter- 
mined from the experimental data using the maximum available secondary 
pressure ratios of figure 7. (The maximum secondary weight flow avail- 
able to the ejector is slightly less than the preceding maximum, since 
there is a total-pressure loss associated with the addition of heat to the 
secondary flow in the afterburner. Since no assumptions are made re- 
garding the afterburner dimensions, this reduction in secondary weight 
flow is not considered.) Therefore, the largest incremental thrust is 
obtained at the largest available secondary weight flow, and the latter 
is a function of the auxiliary inlet performance. The optimum value of 
the tertiary weight-flow parameter was about 0.015 for the free-stream 
scoop at all Mach numbers. For the boundary- layer scoop, the optimum 
values of the tertiary weight-flow parameter were zero for Mq less 

than about 1.2, 0.030 for Mo between 1.2 and 1.6, and 0.015 for Mq 
greater than about 1.6. 


The largest obtainable incremental thrust ratio for the shroud- 
length combinations L s /Dp = 0.21, L^/Bp = 0.54, and L s /Bp = 0.21, 

L^/Dp =, 0.90 is plotted in figure 9 as a function of flight Mach 

number for both an auxiliary free-stream scoop and an auxiliary 
boundary-layer scoop. The incremental thrust-ratio curve for the 
ideal nozzle (from ref. 9) is presented for comparison. Within the 
limits of the assumptions in calculating incremental thrust ratio, 
the nature of the data (pressure rather than force), and the esti- 
mated accuracy of the incremental thrust ratios, values approaching 
those of the ideal nozzle seem obtainable by using the given double- 
shroud ejector over the Mach number range of 0.8 to 2.3. For 
Mq > 1.33, the thrusts obtainable from the combination L s /l)p = 0,21, 

= 0.54 are inferior to those obtained from the combination 
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L s /Dp = 0.21, Irfc/l>p = 0.90. It Ib thus implied that the tertiary- shroud 
length should be increased with increase in flight Mach number for maxi- 
mum thrust. However, the incremental thrust ratios for the shroud- 
length combination Lg/llp = 0.21, L^/Bp - are greater than the 

ideal -nozzle values over the range of Mach number considered. The 

thrusts obtainable by using a boundary- layer scoop are 2 to percent 

(of convergent-nozzle thrust) smaller than those obtainable by using 
a normal- shock free-stream scoop. 

The secondary and tertiary flows must be independently controlled, 
since they have no common pressure when operating at best thrust 
conditions. 

It was mentioned previously that thrusts larger than ideal -nozzle 
thrusts are obtainable. A calculation using heat-transfer coefficients 
from reference 10 indicates that, for (<o\/t) 6 * 0.09, an increase in 

fuel rate of about 1-i percent is required in order to maintain the pri- 
mary total temperature at 3900° R. The secondary cooling air acquires 
a portion of this heat energy and conve r ts it into thrust. This added 
fuel is not considered in the case of the ideal nozzle, since the 
ideal-nozzle calculation does not involve cooling or heat transfer. 


Pumping Characteristics at Take-Off 

At take-off (Mq = 0), the nozzle pressure ratio is equal to Pq/F pj 

for a turbojet power plant, the nozzle pressure ratio is about 0.515 for 
a typical case. This value is also the rapy-timim pressure ratio available 
to the secondary and tertiary at take-off, by assuming no total -pressure 
losses in the secondary- and tertiary-flow passages. By reference to 
figure 3, it is seen that this value corresponds to (<b/\/t)s and 

which are between 0.03 and 0.06 for the pair of diameter ratios 

considered in this investigation. Thus, at take-off, the pumping char- 
acteristics of the ejector are sufficient to provide a nominal amount 
of cooling. 


SUMMARY OF RESULTS 

The following results were obtained from the present investigation 
of the flow characteristics and thrust performance of a double- 
cylindrical- shroud ejector: 

1. Thrust performance on the order of that obtainable from an ideal 
nozzle may be obtained in the Mach number range of 0.8 to 2.3 when the 
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secondary flow is also used for afterburner cooling. Short secondary- 
shroud lengthB are prescribed throughout, while an increase in tertiary- 
shroud length with increasing Mach number is indicated. Also high sec- 
ondary and low tertiary weight flows (not necessarily zero) are 
desirable. 

2. The level of obtainable thrust performance is greatly dependent 
on the over-all performance of the auxiliary air inlet. 

3. Fair agreement is obtained when experimental pressure data are 
compared with values obtained from the double-shroud ejector theory 
presented herein. The as si imp ti on of relative independence of the sec- 
ondary and tertiary processes is partially confirmed. 

Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, September 3, 1953 
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APPENDIX A 


A 

A a 


B 


D 

E 


SYMBOLS 

The following symbols are used in this report: 
area perpendicular to ejector axis 

projected area in free-stream direction of auxiliary scoop 

As 

Ap 

A s, 2 + a 2 

Ap 

At 

A p 

diameter 

ratio of turbine-exit total pressure to compressor-entrance 
total pressure 


impulse ratio. 


M 


S 

L 


L t 


cr 


M 

P 

P 


i + tm 2 / 

M y 


j- 

2 (r +1)^1 + S m 2 ) 


net internal thrust 
acceleration due to gravity 
shroud length 

tertiary-shroud-length increment, L, - L 

t s 

critical shroud -length ratio 

Mach number 
total pressure 
static pressure 


10 


RACA RM E53H28 


R 

r ln 

r r 

T 

t 

W 

a 


gas constant 

pressure recovery of auxiliary boundary-layer scoop 
pressure recovery of Inlet 

pressure recovery of auxiliary free-stream scoop 
total temperature 
static temperature 
weight flow 

fl 


P 


A2 

Ap 


X ratio of specific heats 

T T/Tp 

v Prandtl-Meyer angle 

OJ W/Wp 

Subscripts: 

a auxiliary scoop 

b boundary-layer scoop 

c convergent nozzle 

cr critical 

e ejector exit 

i ideal-nozzle value 

in inlet 


is 


isentropic 
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m miminum 

p primary, or station at exit of primary nozzle 

r ram scoop 

s secondary 

t tertiary 

0 free stream 

1 station at end of 

2 station at end of 

Superscript: 

* 


secondary shroud 
tertiary shroud 


sonic condition 
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APPENDIX B 


APPROXIMATE THEORY FOR DOUBLE - CYLINDRICAL - SHROUD EJECTOR 

An approximate theory based on that of reference 1 is presented 
herein. The assumptions in this theory are as follows: (l) The 

shroud lengths are sufficiently short that no mixing takes place between 
adjacent streams. (2) The primary expansion is isentropic in the cases 
involving secondary flow. (Where no secondary flow is involved, a free- 
jet expansion Is obtained as the simultaneous solution of the conformity 
and momentum equations.) (3) The secondary flow and tertiary flow ex- 
pand to sonic condition at the extremities of their respective shrouds. 
(4) In the case of tertiary flow, the secondary flow expands ieentrop- 
ically within the tertiary shroud. 


I. No Secondary Flow) No Tertiary Flow 



The one -dimensional continuity and momentum equations between sta- 
tions p and 1 are ccasidered. It is assumed that total temperature is 
conserved so that T p = T^, P Q = p^, p t = P 2 , and also that the shroud 

lengths are greater than critical. The critical secondary- shroud 
length, as Indicated in figure 5, Is that beyond which there is negli- 
gible change in minimum secondary pressure ratio with an increase in 
secondary-shroud length. The continuity and momentum equations are 

Wp V 1 + r ^^ ■ p : A*. V 1 + Eii “i (B1) 

p p A p (l + r^) + (A b - A p ) Pl = Pl A s (l + tmJ) (B2) 
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By letting a = — and solving (Bl) and"(B2) simultaneously, 
A p 


a 


(i + r^) 


“p 

% 





- rM^ 


(B3) 


and 



But, in the primary expansion,, Mp is assumed equal to unity. 
Therefore, (B3) and (B4) become 
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where a is determined for a given value of Mp by equation (B3a) . 


The equations for the flow between stations 1 and 2 are identical 
to equations (B3) and (B4), except that subscript p is replaced by 
subscript 1, subscript 1 by 2, and a by b/a where b = A^/Ap. These 

equations thus become 


b 




(i + ruf) 


i 1 + 


1 4 - 


I-i 




(B5) 


and 



The method of solution is, therefore, as follows: 

(1) Mp is assumed. 

(2) From equations (B3a) and (B4a), a and Pp/Pp are calculated, 
to give the variation of a and pp/Pp with Mp. 

(3) M 2 and desired values of a, Mj_, and pp/Pp are assumed. 
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(4) Freon equations (B5) and (B6a), b and Pg/fp are calculated, 
to give the variation of b and p 2 /Pp with Mg for the assumed 
secondary conditions. 


For shroud lengths smaller than > a PP rQXII - Tna '^ e values of 


cr 


p-^/Pp and PgAp can be obtained by assuming that the primary fluid 


undergoes a Prandtl-Meyer expansion so that the fluid just strikes the 
shroud extremity. Therefore, 



and 


v 


t 



(B8) 


Equation (B7) can also be used for the tertiary shroud when the sec- 
ondary shroud is shorter than (L/Bp) cr . In that case, the pressure 

ratio corresponds directly to v as read in tables of Prandtl-Meyer 


flow. Equation (BQ) is used when 
that case. 




P2 





(B9) 


The calculation is only approximate, since a three-dimensional 
effect is being calculated by a two-dimensional method. 
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II. Secondary Flowj No Tertiary Flow 



For the case of secondary flow and no tertiary flow and for further 
cases, it is assumed that there is no mixing of the various flows. It 
is also assumed that the secondary flow he c canes sonic at station 1, that 
the primary flow is always isentrqpic, and that there is no energy 
interchange, so that Tp = T^j. = Tp^ 2 and T s = Tg^ = T s ^ 2 . 

The equations for primary and secondary continuity between sta- 
tions p and 1 are, respectively. 


and 


where 



(BIO) 


(Bll) 
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O* 

o 

o 

CT3 


to 

1 

6 



(B12) 


Hie expression for conservation of momentum between stations p and 
1 is written: 


P p (l + r) + (a - l)p B (l + rM^) = P x (a - a)(l + r) + + T^) 


(B13) 


By using relations (BIO) and (Bll) , equation (B13) can be written 

(£k - 1 

(®^)a = (B14) 




where 




Tables of F/p* as a 


function of Mach number are found In reference 11. 


Between stations 1 and 2 , the equations of primary and secondary 
continuity are 



and the expression for conservation of momentum is 

Pl«(l + rwf) + Pi(a - a)(l + r) + PtO 3 - a ) 

= p 2 P(i + rf|) + p 2 (b - P)(i + r«i f z) (Bi7) 

The static pressure at the tertiary shroud p t Is taken eq ual to p 2 
and p s ^ 2 , sirLce this pressure applies All along the free boundary and 

the calculation is made for the case of the secondary flow just attach- 
ing to the end of the tertiary shroud. Thus, 
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V Pi I 
(b-a) -^<1 

a(l + r^) 

Wm 2 

(4 " x 

+ (a-a)(l+ r ) [(F/F*)^ “ Of 



/Mq 

(B18) 


P2 




r 

r-i 


(B19) 


and, from the secondary continuity equation. 


-f + ^ < 2 * (Sf)Gi) (B20) 

Since a, a, M^, p^/P^, and (F/F*)^ ^ are known from the first 

part of the solution of this case, the method of procedure is as fol- 
lows for a fixed value of b: 

(1) Mg is assumed. After Pg/fp and (3 are determined, then 

p^/p 2 and the quantity M g 2 f + 2 M s, 2 8X6 ca - Lcu ^- a ^ e ^- from 

equation (B20). 

(2) Uext, Mg^g is calculated} then, (p/F*) Mg 2 is determined and 
(F/F*)j 4 is calculated from the following form of equation (B18): 

Ci 



(3) Then Mg is determined and checked with the initial assumption- 
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III. No Secondary Flowj Tertiary Flow 

.“b I 





The solution "between stations p and 1 is the same as that of part 
I. The continuity relations for the primary and tertiary flow are 
written 

V P# - % # * ap i M i V 1 + ^ 

(B22) 

and 

^ ^ - (K-aJPtMt + - 0>-B)p 2 V¥ (B23) 

The momentum relation between stations 1 and 2 is written 

a Pl (l + r-M^) + (b - a)p t (l + rM^> = Bp 2 (l + + (b - B)p 2 (l + f ) 

(B24) 

Solution of equations (B22 ) , (B23), 

B = a 


and (B24) yields 

($, 


l 


’m 2 

A)*l 


(B25) 
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and 



(B26) 


(B27 ) 


(B28) 


The method of calculation between stations 1 and 2 is as follows: 

(1) Mg Is assumed, and B Is then cal culated from equation (B2f). 

(2) From equation (B26), (oiV^)t is calculated. 

(3) The values of (F/F*)^ and (f/F*)j^ are determined. Then 
(F/F*)m^ is calculated from equation (B27). The value of M-t is 
obtained from tables Of (F/F*) . 

(4) The value of (A/A*)^ is obtained from isentrqpic-flow tables. 
Then (P^/Pp) m is calculated from equation (B28). 


IV. Secondary and Tertiary Flow 
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oj 

o 

o 

03 


The solution with "both secondary and tertiary flow "between stations 
p and 1 is the same as that of part II. The continuity relations for 
primary, secondary, and tertiary flows are as follows: 

hJ&L , Pp = aPlMl ^TTrpnf = DpaMj, ^1 + ^4 

(B29) 

~ A^ = (a-l)p s M s ^ “s = (a-ttJPi ^*P 

- (B-Sjp^ 2 (B30) 

and 

= ^1 + 4 = ( b “ B )P2 ^P ( B31 > 


It is assumed that = 1. Also, It Is assumed that the pri- 

mary and secondary flows between stations 1 and 2 are isentropic. The 
momentum relation between stations 1 and 2 is 

P-jOt-Cl + rM^) + P-^a - a)(l + r) + P t (b - a)(l + T 

= p 2 p(i + tm|) + p 2 (b - p)(i + rM^g) + p 2 (b - B)(1 + r) (B32) 

From the assumption of isentropic primary and secondary flows between 
stations 1 and 2 and the assumptions V&,2 = P2* Pg,l “ Pi* ^s,! = 
the following relation is obtained: 


1 + 


i m 2 ( r + i \( 1 + r 2 **2 

s,2-(^ 2 H 


(B33) 


From, solution of equations (B29) through. (B32 ) , the following 
values are obtained: 


(B - 0) = (a - a)(Ar) 


Ms,2 


(B34) 
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(-V^)t - ft-B) Ir 


r 

r-i 


1 + 


'(*) - il - 

(&) -(, 


L W «s ,2 

Wm 2 v 



(oi^/r)t 


A*t\ 

vJ m = "^r u*; t 


(B35) 

(B36) 

(B37) 


The known quantities between stations 1 and 2 are a, a, Mj_, and 
(o>\/t) s , as determined from part II. The method of calculation is as 
follows: 


(1) Mg is assumed, and ls calculated from equation (B33). 

From isentropic-flow tables, p = (A/A*)j{,2 and pg/Pp are calculated. 

(2) From, equation (B34), (B - p) is calculated. 

(3) Then b is assumed, and is calculated from 

e quat i on (B35 ) . 

(4) From equation (B36), (f/F*)^ is calculated. 

(5) Then Mj. is determined, and (a/A*)^ is calculated. 

(6) From equation (B37), (P^/Pp)^ 


is calculated. 
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APPENDIX C 

CALCULATION OF NET INTERNAL THRUST FOR DOUBLE -CYLINDRICAL-SHROUD 
EJECTOR - INCREMENTAL THRUST RATIO 
Tertiary 



Freon, momentum considerations, tlie net internal thrust for a double- 
cylindrical-shroud ejector can be written 


F n = ApPpC 1 + TM^) + (A s - Ap)p s (l + rM^) + (A t - A B )p t (l + - 

AqP 0 (1 + T*%) + Pof^o - *t> - < A a,s + (ClJ 

This expression Is made dimensionless througii division hy ApFpi 


ApPp 


(b-a) g* 


i + 

t ♦ ¥ 4 T 

i + tm| 


+ (a-l) ^ 


i + rtj 

(i * ¥ 4T 


't 1 + rM t AO PO 2 PO ^ f A a.,s + A a.,t\ Po .,2 

ST 1 -)' 

f, . r-i „2\r-i 


l 1 + ¥- 4 } 


(C2) 


By assuming choked flow in the convergent nozzle, Mp = 1. Also, the 

expression for the ideal net thrust of a choked convergent nozzle (freon 
ref. 9, appendix C) is the following: 
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^c,i n 2 \ 

ApPp “ (1+r) (r+iJ 


r 2 \r-l A 0 P 0 2 Po 

-s:iv rM o-iv 


'P x p 


r 

r— 

bWI 

, TTMq po 

L V 2 (r+i) V^J 


jp (C3) 
p 


Thus, the incremental thrust ratio is written 

<-» 5 --X * tw) if - lb - l) S - (**'* I,*-* ) £ "« 


** - ^ 0lI 

(> • ¥ 0 rJ 

(■ 

. ^ «sr 


.«**}* 

rMp ,/t^ 

V 2 (r+i) V t p_ 

PO 

' p p 


(C4) 


From mass -flow considerations. 



hut, from continuity between stations 0 and p, 

r+i 

— / 2 \2(r-i) 
^•0 1 p 0 \T+1/ 
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Equation. (C4) then becomes: 



i + r>£ 

♦ t s ->> ft 

r i + n^ i 

,.®0 «o / r,_ 


.6 + ^ 


‘ 11 % ^TTx^ VT j 


^ 1+r) ^lr) r " 


®o 

5; 


The Mach numbers Mg and Mj. are found from their respective area 
ratios by using the following derived relations: 


and 


AaA _ (a-l) 

WMg " (cov^Js 


(A) = (*-a) 

' A *' Mfc (mV^Jt 



(B12a) 


(B37a) 



S ( 1 + ^ « 2 ) 

r+i 


where 


r ± 1 

2(r-i) 
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APPENDIX D 


FLIGHT-PLAN ASSUMPTIONS 

The schedule of engine pressure ratio E, inlet recovery r j_ n , ram- 
scoop recovery r r , and boundary-layer scoop recovery r^ for the 
assumed turbojet flight plan is listed in the following table: 


Mo 

E 

r in 

r r 

r b 

Altitude 

T P 

0.8 

2.169 

0.96 

1.00 

0.87 

Tropopause 
t 0 = 392° R 

3900° R 

1.1 

2.021 

0.95 

1.00 

0.79 

1.4 

1.846 

0.925 

0.95 

0.685 

1.7 

1.662 

0.89 

0.86 

0.56 

2.0 

1.474 

0.85 

0.72 

0.43 

2.3 

1.299 

0.81 

0.59 

0.32 


Nozzle pressure ratio p 0 /Pp is determined as follows: 


Eq Pq 1 

p p p O Er in . . -2— 

^inf 1 + M o) r_ 


(Dl) 


The marl mi Tm available pressure ratios used in connection with figures 8 
and 9 are obtained from the following relations: 



(D2a) 


(D2b) 


Equation (D2a) applies to the use of an auxiliary ram scoop, while 
equation (D2b) applies to the use of an auxiliary boundary-layer scoop. 
These quantities, calculated by using the representative values in the 
preceding table, are plotted in figure 7. 
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TABLE I. - SHROUD-LENGTH COMBINATIONS TESTED 


Secondary- 

shroud-length 

ratio, 

hfa p 

Tertiary- shroud-length ratio, 
Lt/Dp, at - 

Tertiary-Bhroud-length-incroneiit ratio , 

Hfa p 

0.16 

0.33 

0.50 

0.69 

0.86 

0.11 

.21 

.31 

.41 

.51 

0.27 

.37 

0.44 

.54 

.64 

.74 

.84 

0.72 

0.90 

1.07 
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Figure 1. - Details of double-shroud, ejector. (L t = L 0 + l£) 
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Figure 2. - TeBt setup 
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Tertiary pressure ratio, P^/P p Secondary pressure ratio, Fg/p^ 


32 


NACA EM E53H28 



(a) Secondary- shroud- length ratio, 0,11; tertiary- 
shroud-length ratio, 0.27; secondary weight- 
flow parameter, 0. 


Figure 3. - Ejector performance curves. 
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• X .2 .3 .4 .5 .6 

Nozzle pressure ratio, p^/p^ 


(b) Secondary- shroud- length ratio, 0.11; tertiary- 
shroud- length ratio, 0.44; secondary weight- 
flow parameter, 0. 

Figure 3. - Continued. Ejector performance curves. 



Tertiary wight -flow 
parameter, (»yir) t 


Tertiary weight-flow 
parameter, 



*2 .3 .4 .5 4 .B .1 -2 *3 -4 

Morale pressure ratio, P(/P p 

(c) Secondary -ahroud -length ratio, 0.21; tartlwy-Bhroud-length ratio, 0.37. 

Figure 3, - Continued, Ejector performance curreo . 
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Noszle prappure ratio, P^/Pp 


(o) Concluded. Secondary -shroud -length ratio, 0 . 21 j tartiarj 
Figure 3 . ~ Continued. BJector performance c 
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Secondary pressure ratio 



(d) Secondtry-ahroud-length ratio, 0.21; tertiary -shroud-length ratio, 0.64, 

4 

Figure 3. - Continued. HJeotor performance ovorvea. 
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Secondary preesure ratio 
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Nozzle preseure ratio, 


(d) Concluded. Secondary- shroud-length ratio, 0.21* tort iary-a hr cud~ length ratio, 0,54* 


Figure 3. - Continued. Ejector performance curves. 
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Secondary pressure ratio, P^/p 



.a .j, .c 

Hotels pressure ratio, P</P p 


(e) Secondary- nhraud-length ratio, 0.31; ter tiary-ahroud- length ratio, Q.84. 

Figure 3. - Continued. Ejector performance qutv«b . 
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Secondary pressure ratio, ? B /P ] 



’- 1 ' 2 * 4 - B *6 .7 .1 .2 .5 .4 .5 

lfox*le pressure ratio, 

(f) Secondly -shroud -length ratio, 0,-Jlj tertiary-ehroud-length ratio, 0.7*. 

Figure 3. - continued. BJeotcr performance curves . 1 
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Secondary pressure ratio 



(g) Secacdary-shroud-length ratio, Q.Slj tertiary-fthroud-length ratio, 0*84. 


Figure 3. - Continued. Ejector performance curves. 
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Nozale prep aura ratio, P(/P p 

(g) Concluded. 8 eoondary-Bhroud -length ratio, 0.51} tertiary-ehroud-length ratio, 0.84. 
Figure 5. - Continued. Ejector performance curve*. 
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Secondary preeBure ratio, P^/F, 



Figure 3. - Continued. Bjeo tor performance curves. 
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Houle praaBure ratio, p^/Pp 

(h) Concluded. S^condary-Bhroud-length ratio, 0.21j tertiary-ehraud-length 
ratio, 0.72. 


Figure 3. « Continued. Ejector performance curves. 
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Ho*zle pressure ratio, P^/Pp 


(i) Sccondfiry-ehraucl-length ratio, 0.21 \ tertiary- shroud- length ratio, 0.90. 

Figure 3. - Continued. Ejector performance curves. 
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Houle pre.mwe ratio, Pq/Pj 

(i) ConoXudad. Beoondary-stooud-langth ratio, 0.81; tertlary-ahroud-langth ratio, 0.90. 


Figuw 5 > - Continued. Ejector perfoj^nanco curves. 
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Figure 4. - Effect of tertiary-shroud length and weight flow on minimum secondary 
pressure ratio.... 
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Figure 5. - Comparison of minimum secondary pressure ratios with values obtained 
from double- shroud ejector theory. 






Maximum available secondary pressure ratio, P a /P. 
Ifozzle pressure ratio, p^/F 
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Figure 7. - Flight- plan assumptions . 
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Tertiary weight- 
flow parameter. 



(b) Flight Mach number, 1.1; tertiary- shroud- length ratio, 0.54. 


Figure 8. - Variation of incremental thrust ratio with ejector parameters at 
various flight Mach numbers. Secondary-shroud- length ratio, 0.21. 
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(c) Flight Ma 



(a) Flight Ma 

Figure 8. - Continued. V&ri&t 
flight Mach numbers. Second] 
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|Note: Secondary- flow rates are maximum 

available (fig, 7). Tertiary- flow 
rate is indicated by value of (oo-^/F)^ 
closest to plotted point. 


.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

Flight Mach number, Mq 

Figure 9. - Variation of incremental thrust ratio for various ejector configurations. Secondary- shroud- 
length ratio. 0.21. 
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